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ABSTRACT
The article presents the results of a numerical CFD model of gas ammonia plume motion and dispersion after an accidental release from a real ice stadium situated in an urban area. The CFD analysis was performed using the ANSYS Fluent 14.0 for two seasons and eight wind directions. Sixteen tasks emerged, the results of which can define the influence of meteorological conditions (wind direction, wind speed, temperature, etc.) and surrounding buildings on the motion and dispersion of pollutant plume. The simulation was performed with real local meteorological data. The numerical model had been verified by tasks performed in a low-speed wind tunnel. The results show that the influence of meteorological conditions, especially the influence of calendar seasons, on the pollutant plume propagation can be very pronounced. Principles and conclusions drawn from this and similar analyses may have great benefits for emergency planning in complex urban areas.
INTRODUCTION
Ammonia in all physical states is a toxic substance that can endanger people's health. It is used in various industrial technologies, including freezing of ice surfaces in ice stadiums. There exist advanced ammonia-free technologies but in many places liquid ammonia is still used in large volumes. It is no exception that objects using ammonia cooling and freezing technologies are placed in densely populated urban areas or in their immediate vicinities. An accidental ammonia release can pose a risk to health and lives of humans located in the release source immediate vicinity.
Ammonia accidental release scenarios
A real ice stadium (see Figure 1 ) located in the middle of an urban development (residential and industrial zones) in the Czech Republic was subject to simulation. The ice stadium main building has an octagonal ground plan with dimensions 110 m x 115 m and a total clear height 31 m. The ice surface freezing is carried out with a technology that uses liquid ammonia. Most of the system technological components, including the ammonia storage, are placed in the machinery room from where the system is controlled too. The machinery room is equipped with an emergency ventilation system for cases of damage to the storage tank or other technology elements. The system consists of ammonia sensors, a control panel and several vacuum fans that extract air from the machinery room and blow it outside the stadium into the atmosphere through vent holes. Only 50 m away a residential building can be found.
In the accidental release scenario, damage to a freezing system element is assumed with liquid ammonia spill in the machinery room. Due to the ambient temperature, the liquid ammonia starts to evaporate and in the gas state it is discharged by the emergency ventilation system to the exterior where it disperses.
The ammonia plume dispersion was modeled for eight cardinal and ordinal wind directions (north, northeast, east, southeast, south, southwest, west, and northwest) and two seasons (summer and winter). Wind velocities and frequencies of occurrence for different wind directions as well as the ambient air temperature and the pollutant source temperature differ for the two seasons. All meteorological input data were obtained from the Czech Hydrometeorological Institute (CHMI) [1] database and they represent mean values of meteorological variables measured over the period 2006-2011. The parameters for accidental release of ammonia were based on a qualified estimate of the technology administrator and on the ice stadium internal technical documentation.
CFD numerical model -ANSYS Fluent software
CFD (Computational Fluid Dynamics) codes are represented by ANSYS Fluent version 14.0. It is a sophisticated commercial software tool for fluid me- chanics and heat transfer computations. It offers a wide range of sub-models, corresponding input data sets and options. Models included in the software are based on numerical solution of systems of partial differential equations that express the law of conservation of mass (continuity equation), the law of conservation of momentum (Navier-Stokes equations) and the law of conservation of energy (energy equation). This basic set of equations can be supplemented by additional equations that express heat transfer (heat transfer equations -convection, conduction or radiation), or species transport (species transport equations -gas, liquid or solid). The system of equations is then solved with an appropriate numerical method; in this case, with the finite-volume method. The model computes in both 2D and 3D geometries. Calculation results can be visualized as filled or unfilled contours of physical fields, iso-surfaces, animations, 2D value diagrams or numerical data sets.
The continuity equation, Navier-Stokes equations and energy equations are used to calculate the air turbulent flow field. The species transport equation applies to gas pollutant release [2, 3] .
Continuity equation for compressible fluid flow
The continuity equation expresses the law of conservation of mass. For unsteady (time-dependent) compressible fluid flows, it can be written in differential form as
where: t is the fluid density kg.m -3 , t is time s, uj r is the time-averaged j -coordinate of the fluid flow velocity m.s -1 , and xj is a coordinate of the Cartesian coordinate system.
Navier-Stokes equations for compressible fluid flow
Navier-Stokes equations express the law of conservation of momentum. The substitution of the 
where: k is the turbulent kinetic energy m 2 .s -2 , t is time s, uj r is time-averaged j -coordinate of the fluid flow velocity m.s -1 , xj is a coordinate of the Cartesian coordinate system, t is the fluid density kg.m where: Cy is an empirical constant.
Energy equation
The energy equation expresses the law of conservation of energy. According to this law, the change in total energy of the fluid E J.kg -1 in volume V m 3 is determined by the change in the internal energy, kinetic energy, and the flux of both energies through surface S m 2 that surrounds volume V. The final equation can be written as 
where: t is time s, t is the fluid density kg.m -3 , E is the time-averaged value of energy J.kg -1 , uj r is the time-averaged j -coordinate of the flow field velocity m.s -1 , xj is a coordinate of the Cartesian coordinate system, p is the pressure Pa, xj,l is the tensor of viscous stress Pa and qj r is the time-averaged j -coordinate of the heat flux J.m -2 .s -1 .
Gas pollutant release equation
In the model, time-averaged values of the local species mass fraction Yil r are calculated. These values are described by a balance equation similar to the energy equation Eq. (7) that includes both convective and diffuse components of the transport. It can be written in conservative form as 
CFD model inputs
Three software programs were used to accomplish the task: DesignModeler, ANSYS Meshing, and ANSYS Fluent 14.0 [2, 3] . The geometry shape was created in DesignModeler. The grid system to cover the geometry was created in ANSYS Meshing. Numerical calculations of all task variants were carried out in ANSYS Fluent 14.0.
The cuboid-shaped geometry with dimensions of 800 m (width) x 800 m (length) x 150 m (height) represented a three-dimensional virtual model of the urban area terrain in the ice stadium vicinity (see Figure 2) . The source data for creating the terrain model were obtained from the Czech Republic Cadaster Office map database. The geometry boundaries were oriented to the cardinal points (north, south, east, and west). The numerical model was made at a 1:1 scale. The geometry consisted of a grid of a total of approximately 1.6 million cells.
The task solving was split into two phases. In the first phase, stationary (time-independent) calculation of the turbulent flow field for air without species was performed. In the second phase, nonstationary (time-dependent) calculation of the species flow in that previously segmented turbulent air flow field. The air flow field was modeled (13)). The geometry boundaries were defined by Wall type (the earth's surface and walls of buildings) and Mass Flow Inlet type (all four side walls) boundary conditions. The upper limit of the geometry was again defined as Wall, but with zero shear stress.
The air flow velocity vertical profile in the geometry was defined as [2, 3, 4] v v z 10
where: y is the air flow velocity m.s -1 in height z m above the ground, yref is the referential air flow velocity m.s -1 in height zref = 10 m above the ground and p is the exponent for given atmospheric state (atmospheric stability class D according to PasquilGiffort scale) with the value of 0.14.
The turbulent kinetic energy vertical profile in the geometry was defined as [2, 3, 4] .
where: k is the turbulent kinetic energy m 2 .s -2 and v* is the shear velocity m.s -1 defined by the value of 0.4 m.s -1 [4] . The shear velocity v* takes values depending on the air flow velocity and the atmospheric stability class according to Pasquil-Giffort scale.
The turbulent dissipation velocity vertical profile in the geometry was defined as [2, 3, 4] . z v 0 4
where: f is the turbulent dissipation velocity m 2 .s -3 , v* is the shear velocity m.s -1 and z is the height m above the ground.
The air temperature vertical profile in the geometry was defined as [2, 3, 4] .
T T z 273 15
where: T is the air temperature K in height z m above the ground, T0 is the average air temperature K according to CHMI for given season and location, and c is the dry adiabatic lapse rate K.m -1 defined by the value of −0.0065 K.m -1 for the atmosphere normal state.
The pollutant source (a vent hole for gas ammonia removal) was defined as an area source of dimensions 1.4 m x 2.4 m located at a height of 6 m above the surrounding terrain with flow rate set to a constant value.
The referential velocity yref was defined within the range 1.1-1.6 m.s -1 for summer, with the greatest frequency of occurrence corresponding to southwest (frequency 23.1%) and west (frequency 18.4%) winds according to the CHMI wind rose [1] . The average air temperature T0 was defined with a value of 291.95 K (18.8°C). The pollutant source temperature was set to 266.05 K (−7.1 °C). The pollutant was defined as a mixture of gas ammonia and air where the mass fraction of NH3 was 0.37.
The referential velocity yref was defined within the range 1.4-2.2 m.s -1 for winter, with the greatest frequency of occurrence corresponding to southwest (frequency 35.7%) and north (frequency 16.3%) winds according to the CHMI wind rose [1] . The average air temperature T0 was defined with a value of 273.05 K (−0.1°C). The pollutant source temperature was set to 256.6 K (−16.55°C). The pollutant was defined as a mixture of gas ammonia and air where the mass fraction of NH3 was defined with a value of 0.37.
Calculation results were evaluated using cross sections of the 3D geometry located 1.5 m above the ground (human breathing zone) and gas ammonia concentration iso-surfaces representing zones with concentrations of 25 ppm (threshold value for acute toxicity limit ERPG-1) and 150 ppm (threshold value for acute toxicity limit ERPG-2). Air flow velocity fields, turbulence intensities, temperatures and NH3 concentrations were evaluated in the geometry cross sections. All evaluations were performed for time points of 1 min, 3 min, and 5 min from the onset of the pollutant escape from the ice stadium building (see Figure 3) . 
Results and Logical Links
The In the Czech Republic (Central Europe) four seasons are present in the course of the year. Each season is characterized by different meteorological conditions. As a result, the course of accidental releases and dispersion of hazardous substances may differ. Changes of velocities and directions of predominant winds, changes in air temperatures and in escaped pollutant temperatures are particularly important for dispersion and spread of dangerous substances [5] . Within the meaning of the study, in summer the air velocity ranges from 1.1 to 1.6 m.s -1 whereas in winter it ranges from 1.4 to 2.2 m.s -1 . Evidently, at the location the wind blows faster in winter. The wind rose provided by CHMI shows that the directions of predominant winds also change. In summer southwest and west winds prevail whereas in winter southwest and northern winds do. It may well be said that locations most threatened by an accidental release change with year seasons. The air temperature changes too. In summer the ambient air temperature is around 18.8°C whereas in winter it is around −0.1°C. These differences cause changes in pollutant density, which can be deduced from the equation of state. From the definition of Froude number Fr [6, 7] it follows that in winter (at lower temperatures) the influence of mass forces on the pollutant plume motion is greater than in summer (at higher temperatures). Therefore, in winter gas ammonia plume keeps closer to the ground and covers larger area.
The influence of surrounding buildings on plume propagation is also important. On the downwind side of large buildings lee vacuum turbulent zones can be observed to form affecting the flow of air and pollutants. These vacuum zones suck in ambient air and pollutants building up areas with higher pollutant concentrations. At the same time they increase the values of turbulent quantities at a given location thereby causing increased pollutant dispersion.
In summary, it may be stated that in winter the accidental release of gas ammonia is more dangerous for people living nearby the ice stadium than in summer. For the purposes of this study, the CFD model had been verified in a low-speed wind tunnel on a gas pollutant motion and dispersion task [5] .
Conclusions
The analysis presented in this article clearly demonstrates the effect of year seasons -or changes of meteorological conditions-on the motion and dispersion of the gaseous pollutant of NH3. The influence of surrounding buildings on the accumulation or dispersion of pollutants, especially where large buildings (factories, hotels, or the ice stadium itself ) are located, is indicated. The results of this and similar analyses are widely used in emergency planning, mainly due to a comprehensive mathematical-physical approach to task solving and a wide range of options for evaluation and visualization of results.
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